Various shapes and sizes of colloidal Co nanoparticles were fabricated by the polyol process using Co(acac) 3 , 1,2-hexadecanediol, oleylamine, and oleic acid within octylether. The rice-shaped Co nanoparticles with size of 30 nm and aspect ratio of 1.8 can be fabricated into a self-assembled form without assistance of surfactants. The addition of oleylamine as surfactant decreased the particle size and aspect ratio, and the addition of oleic acid made the surface of particle faceted without decreasing particle size from that of rice shape. The mixture of oleylamine and oleic acid produce differently shaped Co nanoparticles, including nanoprism, nanowire, and nanoflower according to the ratio of components, total amount of surfactant mixture, and reaction time. The fabricated nanoparticles showed ferromagnetic properties. These results showed that the various size and shape of metallic nanoparticles can be fabricated by the polyol process into controlled forms.
I. INTRODUCTION
Uniform colloidal Co nanoparticles are fascinating due to their outstanding magnetic properties and various promising applications such as high-density recording media, magnetic fluids, drug delivery, and gene therapy. 1, 2 To fabricate monodispersed Co nanoparticles, several processes and related chemicals have been proposed during the last decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The rapid thermal decomposition process, which consists of rapid injection of organometallic precursor into high-temperature solvent with surfactant, is widely used to fabricate Co nanoparticles. 1, 3 Relatively little attention is paid to slow processes, which take more time for nucleation and growth of nanoparticles than rapid process does due to slow reaction rate and low monomer concentration. However, the slow process has a greater potential for controlling the morphology of nanoparticles because it allows enough time to perform certain treatment during nucleation and growth. 2 Among the slow processes, the polyol process is one of the more popular processes for obtaining colloidal nanoparticles; the metallic nanoparticles are obtained by a reduction of metallic salt with polyols having high boiling temperatures. 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Many metallic nanoparticles, such as Ni, Ag, CoPt, Au, and Co, are fabricated by the polyol process with particle sizes ranging from 5 nm to several micrometers. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, it is relatively difficult to fabricate colloidal Co nanoparticles compared to nanoparticles of noble metals. Also, the shape control of Co nanoparticles into spheres, rods, wires, and disks by polyol process is more difficult than it is with other processes. [1] [2] [3] Here we show that various sizes, ranging from 6 to 50 nm, and shapes, including rice-shape, dot, prism, wire, and flower-like shape, of ferromagnetic Co nanoparticles can be fabricated by employing polyol process.
II. EXPERIMENTAL
Colloidal Co nanoparticles were fabricated by the polyol process using surfactants such as oleylamine and oleic acid. Cobalt(III) acetylacetonate[Co(acac) 3 ] (0.18 mmol), 1,2-hexadecanediol (0.75 mmol), and various amounts of surfactants were mixed within 10 ml octylether in a three-neck flask and heated to refluxing temperature of 290°C with a heating rate of 10°C/min in Ar atmosphere. The reduction of cobalt (III) acetylacetonate occurs at 260°C during heating, and the color of the solution becomes dark-brown. After refluxing for 30-120 min, the solution was slowly cooled down on the heating mantel to room temperature. At room temperature, 20 ml ethanol was added into the solution to precipitate the Co nanoparticles. The Co nanoparticles were separated from the solution by centrifugation and the separated nanoparticles were dispersed into 2 ml n-hexane. The suspension of Co nanoparticles within n-hexane has a range of color spectrum from dark green to blue, depending on its morphology.
Transmission electron microscope (TEM) specimens of Co nanoparticles were prepared by dropping a suspension on carbon film supported copper grid. The microstructure of Co nanoparticles was analyzed by Tecnai 20F field emission gun TEM. The phase of Co nanoparticles was analyzed by electron diffraction pattern and energy dispersive spectroscopy (EDS) analysis in TEM. Magnetic properties of Co nanoparticles were characterized by vibrating sample magnetometer (VSM, Japan) supplied from Riken Denishi Co., Ltd.
III. RESULTS AND DISCUSSION
A. Co nanoparticles fabricated by the polyol process without any surfactants Figure 1 (a) shows TEM micrographs of Co nanoparticles fabricated at 290°C for 30 min without addition of surfactant. The assembled Co nanoparticles are riceshaped, and their size is nearly monodispersed with average size of 30 nm. The crystal structure of Co nanoparticles, analyzed by diffraction pattern, is identified as hexagonal close-packed (hcp) structure, which is a stable phase of Co at room temperature, as shown in Fig. 1(b) . The Co nanoparticle has an anisotropic shape with average aspect ratio of 1.8. It is remarkable that nearly monodispersed Co nanoparticles can be fabricated into selfassembled form without adding the surfactants. As the reduction rate in polyol process is quite slow, 2 the narrow size distribution of Co nanoparticle can be considered as a result of controlled growth rather than rapid nucleation. However, the mechanism to determine the shape and size of colloidal nanoparticle still remain to be solved. Highresolution TEM micrographs show that the Co nanoparticles have perfect crystalline structure as shown in Fig. 1(c) . One remarkable thing in Co nanoparticles fabricated without adding surfactant is an observation of tetra-pod shaped nanoparticles, as shown in Fig. 1(d) . The tetra-pod shaped nanoparticles were reported in CdTe nanoparticles. 16 In the case of CdTe, the mechanisms to form the tetra-pod shaped nanoparticles are considered polytypism, which means more than two phases can be stable according to their size and chemical environment. 16 However, in this case, there is no evidences of polytypism in formation of the tetra-pod-like shape of Co nanoparticles.
The aspect ratio of Co nanoparticles can be controlled by changing the temperature and time of reaction without adding the surfactant, as shown in Fig. 2 . The aspect ratio of Co nanoparticle decreases with increasing reaction time. After reaction for 480 min at 290°C, the Co nanoparticles become spherical shaped with little changes in average size. The average aspect ratio of Co nanoparticles increases, and they become rod shaped at a lower reaction temperature of 260°C, as shown in Fig. 2(d) . This tendency is similar to those of other colloidal nanoparticles of CdTe or CdSe, where the anisotropy in shape of nanoparticle is enhanced by shorter reaction time and low reaction temperature because high monomer concentration and lower thermal energy enhance the anisotropy of nanoparticles during rapid thermal decomposition process for CdTe, 14 PbS, and CdS. 15 However, in this study, the changes in average aspect ratio of Co nanoparticles are induced without surfactant or chemical ligands. Therefore, the anisotropic shape of colloidal nanoparticles is formed when the monomer concentration is high and reaction temperature is low, regardless of types of precursor, fabrication routes and surfactants, or surface ligands.
B. Effect of surfactants on size and shape of Co nanoparticles
The size and shape of Co nanoparticles can be controlled by addition of a surfactant such as oleylamine and oleic acid, as shown in Fig. 3 . Each surfactant plays a different role on Co nanoparticles. In the case of the addition of oleylamine, the aspect ratio and size of Co nanoparticles decrease, as shown in Figs. 3(a) and 3(b) . When the molar ratio of oleylamine and Co(acac) 3 is 2:1, the shape of Co nanoparticle becomes nearly spherical, and the particle size decreases to about 20 nm, maintaining nearly monodispersed size distribution. When the molar ratio of oleylamine and Co(acac) 3 is 5:1, the size of Co nanoparticles decreases further, and it becomes dot-shaped with average size of 6.3 nm maintaining narrow size distribution. It is clearly shown in Fig. 3 with increasing the oleylamine/Co(acac) 3 molar ratio. While the addition of oleylamine mainly changes the size of Co nanoparticles, the addition of oleic acid mainly changes the shape of Co nanoparticles while maintaining their size. In Figs. 3(c) and 3(d) , the addition of oleic acid makes facets on the surfaces of Co nanoparticles. The formation of facets is considered due to the coordination of oleic acid on the surface of Co nanoparticles. 4 When oleylamine and oleic acid was added together, the total amount and mixing ratio of surfactants determines the shape of Co nanoparticles. By adding 1.25 mmol of surfactant having a 2:1 molar ratio of oleylamine and oleic acid, prism-shaped Co nanoparticles are formed at 290°C for 30 min and assembled as shown in Fig. 4(a) . When the molar ratio of oleylamine and oleic acid is 2:1, and total amount of surfactant is 2.0 mmol, a mixture of nanowires and nanoflowers is formed at 290°C for 120 min as shown in Fig. 4(b) . The nanowires are single crystals with length up to several micrometers and diameter of 20 nm and are perfectly crystallized, as shown in Fig. 4(c) . The nanoflowers consist of an agglomeration of nanoparticles with average size of about 5 nm as shown in Fig. 4(d) . The nanoflowers are assembled and act as large single particle with average size of about 100 nm.
C. Magnetic properties of Co nanoparticles
The magnetic properties of Co nanoparticles were characterized according to their shape, as shown in Fig. 5 . All different kinds of Co nanoparticles fabricated in this study show ferromagnetic properties. The saturated magnetic moment of dot-shaped Co nanoparticle with size of 6.3 nm is the highest value, while that of a mixture of nanoflowers and nanowires is the lowest value. The saturated magnetic moment of dot-shaped Co nanoparticle, about 5.3 emu/g, is much lower than that of bulk Co, which is about 161 emu/g, and those of other results on Co nanoparticles, which are 66-155 emu/g. 3, 5, 17 However, the remanence-to-saturation ratio of fabricated Co nanoparticles range from 0.24 to 0.3, which is comparable to highest value for Co nanoparticle reported. 17 In case of coercivity (Hc), Hc of dot-shaped Co nanoparticles and nanorice showed similar values of 453 Oe and 448 Oe, respectively. However, that of a mixture of nanoflowers and nanowires is a maximum value of 504 Oe. The coercivities of fabricated Co nanoparticles have values similar to those of other researches, which range from 210 to 8900, and much higher than that of bulk Co, which is 10 Oe. 3 The higher value of Hc in a mixture of Co nanoflowers and nanowires is related to the anisotropic shape of Co nanowires. The sizes of dotshaped nanoparticles and nanoparticles consisting nanoflowers are similar; in the case of dot-shaped nanoparticles, 6.3-nm Co particles are self-assembled, while in case of nanoflower, 5-nm Co particles agglomerate into nanoflowers. It is reported that the coercivity of Co nanowire is much higher than that of nanoparticles, and it increases with increasing aspect ratio of Co nanowires. 3 Therefore, existence of Co nanowires with Co nanoflower increases the coercivity by its high aspect ratio.
IV. CONCLUSIONS
Different-shaped Co nanoparticles were fabricated by polyol process. When no surfactants are added, the riceshaped Co nanoparticles are fabricated with assembled form. Some tetra-pod shaped nanoparticles are observed within rice-shaped Co nanoparticles. The addition of oleylamine promotes the formation of Co nanoparticles and reduces their aspect ratio and size. The addition of oleic acid impedes the formation of Co nanoparticles and forms facets on the surfaces of Co nanoparticles. Various shapes of Co nanoparticles including nanoprisms, nanowires, and nanoflowers can be fabricated by the addition of controlled amount of a mixture consisting of oleylamine and oleic acid. All kinds of Co nanoparticles fabricated by polyol process, including nanorices, nanodots, nanowires, and nanoflowers, show ferromagnetic properties.
